We examined T-2 toxin-induced lesions in the bone marrow and splenic red pulp as many as 48 hr after oral inoculation with 10 m g k g body weight of T-2 toxin in female 1CR:CD-I mice. Histopathologically, the bone marrow and splenic red pulp showed a significant hypocellularity. In the bone marrow, the number of myelocytes significantly decreased due to the loss of immature granulocytes, erythroblasts, and lymphocytes. The nuclei of the remaining cells showing pyknosis or karyorrhexis were positively stained by the TdT-mediated dUTP nick end labeling (TUNEL) method, and these TUNEL-positive cells showed ultrastructural characteristics of apoptosis. With agarose gel electrophoresis, DNA ladders were clearly detected in bone marrow samples. The number of TUNELpositive cells in splenic red pulp increased earlier than it did in the splenic white pulp. Thus, T-2 toxin induced-lesions in the hematopoietic tissues and in the lymphoid tissues were brought about by apoptosis of component cells. We believe that damage to the hematopoietic microenvironment may also play an indirect role in the induction of apoptosis in the bone marrow.
INTRODUCTION T-2 toxin is a kind of trichothecene mycotoxin produced by species of the genus Fusariunt, and it affects proliferating cells. Oral, parented, and cutaneous exposures of trichothecene mycotoxin have produced lesions in hematopoietic, lymphoid, and gastrointestinal tissues as well as functional suppression of reproductive organs (9, 24, 28, 31) .
A disease known as alimentary toxic aleukia in humans, which is characterized by leukopenia, agranulocytosis. hemorrhagic diathesis, bone marrow aplasia, and sepsis, was first identified in Siberia in the USSR (10) . This disease is believed to be caused by the consumption of T-2 toxin-contaminated grains (15) . The toxic effects of this mycotoxin have been studied in many animal species (1, 3, 5 , 13, 16, 17, 21) . Some researchers have reported that after the exposure of mice to T-2 toxin, initially there was extensive hematological damage, such as hypoplasia of bone marrow and splenic red pulp, resulting in anemia and lymphocytopenia (7, 27) . Recent studies in mice found that T-2 toxin directly damaged the hematopoietic progenitor compartment in the fetal liver and in the adult bone marrow in mice (8) . Some groups have reported the relation between cytotoxic erythropoietic damage and a strong inhibition of uptake of iron into erythropoietic cells in T-2 toxin-treated mice (30) .
Despite many studies on the effects of T-2 toxin, the exact mechanism of cell death in T-2 toxin-treated animals still remains unknown. In this regard, Quiroga et a1 (19) , from our research group, reported ultrastructural changes of thymocytes that suggested apoptotic cell death in T-2 toxin-inoculated mice. After that, we clarified first that T-2 toxin-induced death of lymphocytes in the thymus, splenic white pulp (25, 26) , and Peyer's patches (12) and death of intestinal crypt epithelial cells (1 1) was apoptosis, and then we speculated that T-2 toxin-induced lesions in the hematopoietic tissues might also be brought about by apoptosis. The present study was carried out to clarify the toxic effects of T-2 toxin on hematopoietic tissues compared with those seen in lymphoid tissues.
MATERIALS AND METHODS

Anitnnls.
Twenty-nine 4-wk-old female 1CR:CD-1 mice were purchased from Charles River Japan, Inc. (Kanagawa, Japan) and acclimatized for 1 wk. At the age of 5 wk (body weight after overnight fasting: 18.1-24.8 g), they were subjected to experiment. They were kept under controlled conditions (temperature, 23 2 2°C; relative humidity, 55 & lo%, 14-16 air changes per hour and a 14:lO hr light :dark cycle) in an animal room and were fed commercial pelleted chow that was free from mycotoxin contamination (CE-2, Clea Japan, Inc., Tokyo, Japan) and water ad libitwn. Clienticals. T-2 toxin (lot. no. 117F4078, Sigma Chemical Co., St. Louis, MO) was dissolved in 20% ethanol in 0.01 bt phosphate-buffered saline (PBS) to final concentrations of 1 mg/ml. Treattiletits. After overnight fasting, animals were inoculated orally with 10 mgkg of body weight of T-2 toxin. The dose of T-2 toxin was determined based on the results of the previous studies on T-2 toxin-induced lymphocyte apoptosis (25, 26) . The inoculation volume was 10 mVkg of body weight using 1 mdml of T-2 toxin. Groups of 4 animals each were sacrificed by heart puncture under ether anesthesia at 0 (control), 6, 12, 24, and 48 hr after inoculation (HAI). In addition, 9 animals (3 groups of 3 animals each at 0, 12, and 24 HAI) were used for electron microscopic examination.
Blood Sampling arid Hertintological Exatriitiatiorts. Blood samples were collected from the caudal vena cava under ether anesthesia using a syringe containing EDTA as an anticoagulant. The red blood cells (RBCs), hemoglobin (HGB), hematocrit (HCT), white blood cells (WBCs), platelets, and differential leukocyte counts were measured with an automatic cell counter (THMSH-lE, Bayer-Sankyo Co., Tokyo, Japan).
Bone Marrow Analysis. Immediately after blood collection, mice were sacrificed by exsanguination under ether anesthesia, and the right femur was removed from each mouse. The bone marrow was flushed out with 1 ml of fetal bovine serum (GIBCO Laboratories, Grand Island, NY) into a test tube, and the myelocytes were completely dispersed by gentle pipetting. The number of myelocytes per sample was measured with an automatic cell counter (K-2000, Toa Medical Electronic Co. Ltd., Hyogo, Japan). In addition, myelocyte smear sections were prepared using a cytocentrifuging device (Cytospin model 2, Shandon Southern Products Ltd., Cheshire, UK) and stained with Wright-Giemsa stain for differential myelocyte counts and morphological evaluation (14) . Five hundred myelocytes randomly countered on each cytospin section were classified according to morphological findings into 4 major groups: (1) immature granulocytes (myeloblasts, promyelocytes, metamyelocytes, neutrophilic myelocytes, neutrophilic metamyelocytes, and immature eosinophils), (2) mature granulocytes (band neutrophils, segmented neutrophils, mature eosinophils, and basophils), (3) erythroblasts (proerythroblasts, erythroblasts, and mitotic period erythroblasts), and (4) lymphocytes and others (monocytes, macrophages, mast cells, reticulocytes, lipoid cells. and megakaryocytes). Then the differential myelocytes were calculated.
Some of the smears were fixed in 4% paraformaldehyde (PFA) in 0.1 h? phosphate buffer (PB) (pH 7.4) and were subjected to in sit14 detection of fragmented DNA and to immunohistochemical staining for proliferating cell nuclear antigen (PCNA) as mentioned below.
Histopatlzology. At necropsy, the left femur and spleen of each animal were removed. The spleen was weighed and then fixed in 10% neutral-buffered formalin. The femurs were fixed in 10% neutral-buffered formalin for 48 hr and decalcified with 20% EDTA (pH 7.5) at room temperature for 10 days. After decalcification, they were embedded in paraffin. Paraffin sections (4 pm) were stained with hematoxylin and eosin. The ratios of the area of the red and white pulp to the whole area of the spleen were measured by image analysis. The weights of the red and white pulp were calculated based on the ratios and the spleen weight.
Some of the paraffin sections were subjected to in sitri detection of fragmented DNA and to immunohistochemical staining for PCNA as detailed below.
For electron microscopic examination, animals were perfused through the left ventricle first with saline and then with 2 PFA and 2% glutaraldehyde in 0.05 hl PB (pH 7.4) under pentobarbital anesthesia; the femurs were then removed and fixed in the same solution for 3 hr at 4°C. After decalcification with 5% EDTA (pH 7.4) at 4°C for 14 days, small pieces of the bone marrow were postfixed in 1% osmium tetroxide in 0.1 h? PB, and embedded in Epok 812 (Ohken Co. Ltd., Tokyo, Japan). Ultrathin sections were double-stained with uranyl acetate and lead citrate and observed under a JEM-1200 EX electron microscope (JEOL Co., Ltd., Tokyo, Japan).
In Sitri Detection of Fragniented DNA. DNA fragmentation was examined on the paraffin sections and the smear sections by the modified TUNEL method first proposed by Gavrieli et a1 (4) using a commercial apoptosis detection kit (ApopTag In Situ Apoptosis Detection Kit; Oncor, Gaithersburg, MD). In brief, the procedure was conducted as follows: Multiple fragmented DNA 3'-OH ends on the sections were labeled with digoxygenin-dUTP in the presence of terminal deoxynucleotidyl transferase. Peroxidase-conjugated anti-digoxigenin antibody was then reacted with the sections. Apoptotic nuclei were visualized by peroxidase-diaminobenzidine (DAB) reaction. The sections were then counterstained with methyl green. The TUNEL index (positive cells/200 nucleated myelocytes X100) was calculated on each section, and then the total number of TUNEL-positive cells per femur was calculated based on this percentage and on the total number of nucleated myelocytes/femur.
Itrir~ii~tiohistoclier~iical Staining for PCNA. For evaluating the proliferative activity of myelocytes in the bone marrow, immunohistochemical staining for PCNA was carried out on paraffin sections and smear sections by the avidin-biotin-peroxidase complex method using the ABC kit (Vector Labs., Inc., Burlingame, CA). Mouse anti-rat PCNA antibody (clone PC 10; Novocastra, Newcastle, UK) was used as the primary antibody. The sections were visualized by DAB reaction and then counterstained with methyl green. The PCNA index and the total number of PCNA-positive cells per femur were calculated in the same way as those of the TUNEL-positive cells.
Agarose Gel Electroplioresis for the Detection of DNA Lndder Forinntion. QIAamp Tissue Kit (QIAGEN GmbH, Hilden, Germany) was used for DNA extraction from the femur myelocyte samples. DNA samples were electrophoretically separated on 2% agarose (Type I: Low EEO; Sigma Chemical Co.) in Tris-boric acid-EDTA solution, composed of Tris base, boric acid, and 0.5 hl EDTA (pH 8.0). After electrophoresis, gels were stained with 0.5 pg/ml of ethidium bromide (Sigma Chemical Co.), visualized with an ultraviolet light transilluminator (312 nm), and photographed with a Polaroid camera.
Statistical Analysis. . The results of hematological examinations, TUNEL and PCNA indices, the total numbers of TUNEL-and PCNA-positive myelocytes, and the spleen weights were expressed as mean 2 SD of 4 mice. Statistical analysis was done using Student's and Welch's t-tests.
RESULTS
Heniatological Fitidings
No animals died during the study period. The numbers of WBCs and platelets in T-2 toxin-treated animals were significantly depressed 6 and 24 HAI, respectively ( Table  TABLE I I). At 48 HAI, the number was about one-sixteenth that of controls for WBCs and one-third that of controls for platelets. RBCs, HGB, and HCT showed no significant changes in number throughout the observation period.
The sequential changes of differential leukocyte counts in peripheral blood are shown in Fig. 1. In T-2 toxintreated animals, the number of lymphocytes significantly decreased at 6 HA1 (one-fifth that of controls) and thereafter continued to decrease until 48 HAI. The numbers of eosinophils, basophils, and monocytes were also slightly depressed. The number of neutrophils slightly increased at 6 and 12 HAI, and thereafter it showed a slight decrease.
Firidiiigs of Bone Marrow Analysis
In T-2 toxin-treated animals, the number of myelocytes significantly decreased, and some of the remaining myelocytes showed shrunken cytoplasm with bleb formation on the cell surface and irregular-shaped or fragmented nuclei (Fig. 2) . Nuclei of some cells were fragmented into small pieces, some of which were ingested by macrophages and neutrophils.
At 6 HAI, concerning the granulocyte lineage, the ratios of promyelocytes, neutrophilic myelocytes, neutrophilic metamyelocytes, and immature eosinophils significantly decreased. In addition, the numbers of proeryth-(10 3/14 roblasts, erythroblasts, and mitotic period erythroblasts markedly decreased. As a result, the ratios of band neutrophils, segmented neutrophils, mature eosinophils, and lymphocytes increased. Such a tendency became more clear at 12 HAI. At 24 HAI, the numbers of band neutrophils and lymphocytes also decreased, and the ratios of segmented neutrophils and macrophages increased. Most of the remaining lymphocytes were small lymphocytes, and there were only a few lymphoblastic cells. At 48 HAI, about half of the myelocytes on the smear sections were degenerated, and almost all of the remaining myelocytes were composed of segmented neutrophils and mature eosinophils. Phagocytosis of cell debris by macrophages was frequently noticed. Figure 3 shows sequential changes in differential myelocyte values in the femur of mice after T-2 toxin treatment. The decrease in number of myelocytes was due to loss of immature granulocytes, erythroblasts, and lyrnphocytes, and the former 2 decreased earlier than the latter did. On the other hand, the number of mature granulocytes showed no significant changes throughout the observation period. Table I1 shows the number of myelocytes, PCNA and TUNEL indices, and the number of PCNA-and TUNEL-positive cells per femur at 24 HAI. The PCNA index was approximately 60% in control groups, whereas it decreased in T-2 toxin-treated groups. On the other hand, the TUNEL index and the number of TUNEL-positive cells per femur significantly increased compared with those of control groups. With time, the number of TUNEL-positive cells decreased due to a prominent decrease in the absolute number of myelocytes, but the TUNEL index was not changed.
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Histopathological Fiiidiitgs of Bone Marrow
Histopathologically, T-2 toxin-treated mice showed significant hypocellularity ( Fig. 4) and dilatation of sinus with congestion in the bone marrow at 6 HAL The reduction in cellular density also became apparent in the hematopoietic parenchyma. These changes first developed in the metaphysial bone marrow and then extended to the diaphysial marrow. Most of the remaining myelocytes showed pyknosis or karyorrhexis, and fragmented cells were frequently ingested by adjacent macrophages and neutrophils. The nuclei of myelocytes showing pyknosis or karyorrhexis in bone marrow were positively stained by the TUNEL method ( Fig. 5 ).
At and after 24 HAI, deposition of plasma proteins containing eosinophilic fibrinoid materials was added ( Fig. 6) . At 48 HAI, a proliferation of stromal cells mainly composed of fibroblastlike cells was noticed (Fig. 7) , and some of these cells were positive for PCNA. In some portions, small aggregations of immature myelocytes, probably of granulocyte series, and small erythroblastic islands were also found. Most of the megakaryocytes showed morphological abnormalities such as irregular nuclear size, an increase in the number of nuclei, and intracytoplasmic cysts. Megakaryocytes and interstitial cells were negatively stained by the TUNEL method.
Electron Microscopic Findings of Bone Marrow
At 12 HAI, condensation of nuclear chromatin and/or margination of condensed chromatin along the nuclear membrane became prominent (Fig. 8a-b ). In addition, the nuclei of some cells were fragmented into small pieces, some of which were ingested by macrophages. Megakaryocytes that contained irregular-shaped nuclei and intracytoplasmic cysts increased in number with time. In addition, sinus endothelial cells and reticular cells showed degenerative changes such as partial vacuolization and mitochondria1 swelling. There were subendothelial edema and exudation of plasma proteins around the ruptured sinuses ( Fig. 8c-d) .
Fiiidirigs of Agarose Gel Electrophoresis
The results of agarose gel electrophoresis of DNA extracted from myelocytes are shown in Fig. 9 . DNA ladder formation was clearly detected at 6, 12, 24, and 48 HAI. On the other hand, DNA ladder formation was never detected in the control samples.
Cliaiiges iii Spleeii
Spleen weights decreased with time as shown in Fig.  10 . The ratio of the area of red pulp to area of the spleen decreased at 6 HA1 later. Thereafter the ratio of the white pulp to area of the spleen began to decrease at 24 HAI. Histopathologically, at 6 HA1 the red pulp showed atrophy with prominent hypocellularity, and most of the remaining cells in the red pulp showed pyknosis or karyorrhexis as observed in myelocytes. Some of these nuclei were positively stained by TUNEL method. The number of TUNEL-positive cells in the splenic red pulp began to increase at 6 HA1 ( Fig. l l ) , but it decreased thereafter because of a marked decrease in the absolute number of cells in the red pulp. On the other hand, the number of TUNEL-positive cells in the white pulp increased from 12 to 48 HAL
DISCUSSION
We examined acute toxic effects of T-2 toxin on the hematopoietic tissues. As a result, a significant depression in the number of WBCs was observed in T-2 toxin-treated animals. Smith et a1 (27) have reported that exposure to T-2 toxin reduced the cellularities within the thymus, spleen, and bone marrow, and these damages in multiple hematopoietic compartments resulted in a decrease in the number of lymphocytes in the periphery of treated animals. Our previous work (25) demonstrated that T-2 toxin produced significant atrophy of the thymic cortex and splenic lymphoid follicles due to a prominent decrease in the number of lymphocytes. In the present study, bone marrow and splenic red pulp also showed a significant hypocellularity. Therefore, it is considered that a significant depression in the number of WBCs in peripheral blood may reflect the hypocellularity in lymphoid and hematopoietic tissues that is induced by T-2 toxin. In the bone marrow, hypocellularity and a decrease in the number of myelocytes were observed both by a histopathological examination and by bone marrow analysis. Bone marrow analysis using the smears indicated that the decrease was due to the loss of granulocytes, erythroblasts, and lymphocytes, although mature granulocytes showed no significant changes throughout the observation period, and granulocytes and erythroblasts decreased earlier than lymphocytes. In this connection, the number of PCNA-positive myelocytes that are seen in the dividing cell cycle (18) decreased in T-2 toxin-treated animals. This suggests that T-2 toxin affects immature myelocytes (i.e., immature granulocytes, erythroblasts, and lymphocytes) with high mitotic activity.
We have previously reported that T-2 toxin induced apoptotic cell death in lymphoid tissues (25, 26) . In the bone marrow of mice after T-2 toxin treatment, myelocytes showed bleb formation and irregular-shaped or fragmented nuclei on smear sections stained with Wright-Giemsa stain. The number of TUNEL-positive cells significantly increased, and TUNEL-positive cells showed ultrastructural characteristics of apoptosis, that is, condensation of nuclear chromatin and/or nuclear fragmentation into small pieces. In addition, by agarose gel electrophoresis, DNA ladders were detected in the bone marrow samples. The above-mentioned characteristics of myelocyte changes were consistent with those of apoptosis. This suggests that T-2 toxin could induce apoptotic cell death in the hematopoietic tissues as well as in the lymphoid tissues of mice. Compared with our previous report (26) , T-2 toxin-induced apoptotic cells were detected ear- lier in the bone marrow than in the lymphoid tissues both by TUNEL method and by agarose gel electrophoresis.
The spleen, which is composed of white and red pulps, is the largest lymphoid organ in the circulation, and it is the site of erythrocyte storage and of removal of dysfunctioning erythrocytes and leukocytes. It is well known that rodents have hematopoietic activity in the red pulp regardless of age (23) . In the present study, in T-2 toxintreated mice, the red pulp showed a significant hypocellularity prior to the development of atrophy of the white pulp. In addition, the number of TUNEL-positive cells began to increase earlier in the red pulp than in the white pulp. These changes suggest that T-2 toxin induces apoptosis in the red pulp first and then in the white pulp. In addition, the time of onset of significant hypocellularity with component cell apoptosis was similar between the bone marrow and splenic red pulp. Thus, T-2 toxin-induced lesions were brought about by apoptosis of component cells in both lymphoid and hematopoietic tissues, and hematopoietic cell apoptosis occurred earlier than lymphoid cell apoptosis.
Trichothecenes have been reported to exhibit inhibitory activities against protein and DNA synthesis in rabbit reticulocytes, Ehelich ascites tumor cells, and rat hepatocytes (29) . Ztz vivo DNA and protein synthesis has been shown to be inhibited in the spleen, thymus, and bone marrow of mice given T-2 toxin (20) . T-2 toxin has spe- Indicates significantly different from control; **, p < 0.01; *, p < 0.05.
The ratio of the area of the red and white pulp to the whole area of the spleen was measured by image analysis. The weights of the red (0) and white @) pulp were calculated based on the ratio and the spleen weight.
cies-specific hemolytic effects on erythrocytes (2, 22) , and Gyongyossy-Issa et a1 ( 6 ) have reported the interaction and binding of T-2 toxin with the membranes of spleen-derived lymphocytes from rodent. From these reports, it is speculated that the toxicity of T-2 toxin may be direct cytotoxicity.
On the other hand, sinus endothelial cells and reticular cells are components of the hematopoietic microenvironment and play an important role in regulating hematopoiesis. Ultrastructurally, these cells showed degenerative . changes. and deposition of plasma proteins containing fibrinoid materials was observed around degenerated sinuses in the bone marrow of T-2 toxin-treated mice. A proliferation of stromal cells was also noticed. These findings indicate the existence of damage that occurs in the hematopoietic microenvironment and of its remodeling.
Therefore, besides the direct effect on hematopoietic cells, an indirect effect, through the damage that occurs in the hematopoietic microenvironment, also played an important role in the induction of apoptosis in the bone marrow of T-2 toxin-inoculated mice.
